Abstract: Cancer cachexia is defined as a multifactorial syndrome characterized by an ongoing loss of skeletal muscle mass with or without loss of fat mass. The syndrome cannot be fully reversed by conventional nutritional support, and despite an increased number of studies related to cancer cachexia, the underlying mechanisms are still poorly defined, and therapeutic options are limited. This review focuses on recent studies investigating mechanisms and pathways in cancer cachexia. The role of molecular and functional imaging in identifying cachexia at an earlier stage, in identifying potential metabolic targets and pathways, and in assessing treatment efficacy is also reviewed.
C
ancer cachexia is defined as a multifactorial syndrome characterized by an ongoing loss of skeletal muscle mass, with or without loss of fat mass that cannot be fully reversed by conventional nutritional support. The syndrome leads to progressive functional impairment. 1 The pathophysiology of the syndrome is characterized by a negative protein and energy balance that is driven by a variable combination of reduced food intake, or anorexia, and abnormal metabolism. 1 Cachexia combined with anorexia negatively impinges on the quality of life, decreases tolerance to treatments, and reduces overall survival of cancer patients. Cachexia is encountered not only in cancer, but also in other life-threatening diseases, such as acquired immunodeficiency syndrome, rheumatoid arthritis, chronic obstructive pulmonary disease, and organ failure. 2 In cancer patients, the cachectic syndrome is a major cause of morbidity and mortality. Progressive cachexia indicates poor prognosis with a shorter survival time and accounts for nearly 20% of all cancer deaths. 3, 4 Presence of cachexia is identified from a weight loss of 10% or more within 6 months. The rate and amount of weight loss are directly related to survival in cancer patients. 5 Fearon et al 1 have described 3 stages of the cachectic syndrome, precachexia, cachexia, and refractory cachexia (Fig. 1A) . The precachectic stage is characterized by early clinical and metabolic signs, such as weight loss (<5%), anorexia, and impaired glucose tolerance. The progression to cachexia depends on multiple factors such as systemic inflammation, cancer type and stage, low food intake, and response to treatment. The diagnostic criteria associated with these stages are listed in Figure 1A . Finally, in refractory cachexia, active management of weight loss is no longer possible because of active catabolism or presence of cachectic factors. Patients with severe muscle wasting are unlikely to benefit from treatments intended to result in gain of lean tissue and function. At this stage, the goal of therapy is palliation of symptoms and reduction of distress. It is therefore critically important to identify early onset of cachexia as well as develop molecular interventions to reduce or delay its onset.
MOLECULAR MECHANISMS
As described in Figure 1B , cachexia is characterized by a combination of events. There is a negative protein and energy balance driven by a combination of reduced food intake and abnormal metabolism. Anorexia often occurs in the course of the disease, along with (i) alterations in lipid metabolism such as hyperlipidemia, reduced circulating levels of high-density lipoprotein, and reduced activity of lipoprotein lipase; (ii) alterations in glucose metabolism such as impaired glucose tolerance, insulin resistance, increase in gluconeogenesis from amino acids and from lactate; (iii) alterations in protein metabolism and muscle depletion such as increased protein degradation combined with reduced protein anabolism; and (iv) alterations in energy metabolism such as increased resting energy expenditure. Reduced anabolism with decreased expression of positive regulators of muscle mass (MyoD) or overexpression of negative regulators (myostatin) or changes in other pathways such as insulin-like growth factor 1 (IGF-1) are also frequently observed in patients with cachexia. The cachectic syndrome arises also from a proinflammatory response from the host and the production of catabolic factors and cytokines by the tumor, such as interleukin 1 (IL-1), IL-6, and tumor necrosis factor α (TNF-α). 6 Inflammation has been described as a key factor in cancer cachexia but studies targeting inflammatory cytokines have shown limited effects. 7 Several studies have focused on the cytokines TNF-α and IL-6, however, neutralizing them has not suppressed cachexia occurrence, 8 and an imperfect correlation exists between their level and the occurrence of the syndrome. 7 More recently, the role of brown adipose tissue (BAT) in cachexia has attracted significant attention. The generation of brown adipose cells in white adipose tissue (WAT) seems to be an early change occurring before the appearance of clinical signs in mice. 9 Brown adipose cells express uncoupling protein 1 (UCP1), a mitochondrial protein that switches mitochondrial respiration from adenosine triphosphate generation to thermogenesis. The presence of UCP1 in BAT mediates proton leakage across the inner mitochondrial membrane, decreasing the level of coupling of respiration to adenosine diphosphate phosphorylation. Heat is then produced instead of energy stored as adenosine triphosphate. 10 Brown adipose tissue activity correlates with total and resting energy expenditure. A phenotypic switch from WAT to brown fat occurs before the initial stage of cancer cachexia and prior to skeletal muscle atrophy. 9 Browning of adipose tissue was observed in cancer cachexia patients, along with an association between adipocyte atrophy and UCP1 expression. 9 Browning of WAT was also observed in precachectic mice and increased as cachexia developed, together with an increase in UCP1. White adipose tissue browning, together with enhanced thermogenesis in BAT contributed to increased systemic energy expenditure. The proinflammatory cytokine IL-6 can increase UCP1 expression in WAT, and treatment targeting IL-6 was shown to reduce WAT browning and cachexia in C26 colon cancer cachectic mice. 9 In another set of experiments, treatment of genetically engineered cachectic skin cancer K5-SOS mice with a selective β3-adrenergic receptor antagonist ameliorated cachexia and decreased UCP1 levels in subcutaneous WAT. 9 These data suggest that inhibition of WAT browning represents a promising approach to ameliorate the severity of cachexia in cancer patients. 9 Cachexia has been associated with increased resting energy expenditure level that has been linked to greater thermogenesis by brown fat. In a Lewis lung carcinoma model of cancer cachexia, tumor-derived parathyroid hormone-related protein (PTHrP) was observed to play a critical role in cachexia by driving the expression of genes involved in thermogenesis in adipose tissues. 11 Parathyroid hormone-related protein increased UCP1 protein levels and raised oxygen consumption. Inhibition of PTHrP signaling resulted in reduction of BAT, a reduction of muscle mass loss, and strength loss.
11 Parathyroid hormone-related protein was detected in the plasma of tumor-bearing mice, and an injection of anti-PTHrP protected the mice against weight loss. The treatment blocked both adipose tissue and muscle mass loss without affecting tumor progression. These results were supported by a clinical investigation that revealed an association between higher PTHrP concentrations, a greater degree of lean tissue wasting, and elevated energy expenditure in a cohort of cancer patients.
11
In addition to cancer cells, stromal cells play a critical role in the establishment of cachexia. 12 Depletion of fibroblast activation protein α-positive (FAP + ) stromal cells in a transgenic mouse model, which permits both the bioluminescence imaging of cells expressing FAP and their conditional ablation, caused cachexia that was characterized by muscle atrophy rather than loss of myocytes. 12 One of the consequences of the FAP + stromal cell depletion was a transient increase in atrogin 1 and MuRF-1. Interestingly, no increase was observed in IL-6, TNF-α, and corticosterone levels. Inoculation of mice with the procachectic cell line C26 induced similar changes, that is, decrease in FAP + stromal cells, increase in atrogin-1 and MuRF-1 levels, and reduction of muscle mass and weight loss. 12 These results were reproducible in the KPC (Kras G12D/+ ; Tp53R172H /+ ; Pdx-1 Cre) pancreatic tumor model 12 and demonstrate the role played by stromal cells in cachexia.
TREATMENT OPTIONS
Because the pathogenesis of cachexia is multifactorial, treatments should incorporate multiple-target strategies. Multiple therapeutic approaches with limited success have been tested in preclinical and clinical investigations in recent years.
A daily treatment with a Jak2 inhibitor resulted in reduction of cachexia without affecting tumor growth in transgenic Pdx1-cre;LSL-Kras G12D ;INK4a/arf fl/fl mice that develop systematically spontaneous pancreatic adenocarcinoma with acute global cachexia. 13 Activation of Jak2 leads to a strong expression of IL-6. Reduction of Jak2 activity decreases IL-6 expression. Jak2 is also involved in the expression of other potential activators of cachexia, such as IL11, leukemia inhibitory factor, oncostatin M, and ciliary neurotrophic factor, which may explain the efficacy of targeting Jak2 in reducing cancer cachexia. 13 Some therapeutic approaches involve the use of pharmaconutrients with anti-inflammatory properties, such as omega-3 fatty acids (eicosapentaenoic acid and docosahexaenoic acid). As substrates of cyclooxygenase enzyme, omega-3 fatty acids, and especially eicosapentaenoic acid, counteract the proinflammatory response of thromboxanes and prostaglandins derived from arachidonic acid, through competition for cyclooxygenase.
14 The anabolic effects of omega-3 fatty acids are independent of their action on inflammation, but the exact mechanisms of the anabolic response are not completely understood. 14 Ghrelin is a peptide hormone involved in anabolic and homeostatic functions that has shown promising effects in cancer cachexia, although the mechanisms of action are not completely understood. 15 Therapeutic administration of ghrelin or one of its analogs has been shown to increase energy intake 16 and counteract loss of body mass and function. 15, 17 In animal studies, ghrelin administration improved food intake, body weight, and lean body mass retention. [18] [19] [20] Acylated ghrelin binds to the growth hormone secretagogue receptor 1α that is widely expressed in the hypothalamic and pituitary regions. It mediates growth hormone release, enhancing appetite and increasing adipose tissue deposition. Ghrelin influences not only hormonal release, energy homeostasis, and appetite modulation, but also metabolic and anti-inflammatory responses. It can affect the inflammatory aspect of cachexia by inducing the release of IL10, an anti-inflammatory cytokine that can in return reduce IL-1β, IL-6, and TNF-α. Grehlin suppresses nuclear factor κB that is involved in the ubiquitin-proteasome pathway, thereby inhibiting muscle and proteincatabolism. Atrogin 1 and MuRF-1 have been shown to be significantly reduced after ghrelin administration. 18 Additional studies are required to determine the treatment schedule and dosage and to assess any adverse effects and complications that could include a potential stimulation of tumor growth. Anamorelin, a new potent selective ghrelin receptor agonist mimicking the N-terminal active core of ghrelin, 17 is currently in phase III clinical trials for the treatment of cachexia in non-small cell lung cancer. 20 ActRIIB is a high-affinity activin type 2 receptor that mediates signaling through a subset of transforming growth factor β family ligands, including activin and myostatin. These ligands play a critical role in regulating muscle mass. 21 Pharmacological inhibition of the ActRIIB pathway was shown to not only prevent further muscle wasting but also completely reverse loss of skeletal muscle and cancer-induced cardiac atrophy in several models of cancer cachexia. 21 The treatment abolished activation of the ubiquitin-proteasome system and the induction of atrophyspecific ubiquitin ligases in muscles. It also markedly stimulated muscle stem cell growth. Interestingly, the treatment prolonged animal survival, despite an absence of effect on tumor growth, fat loss, and proinflammatory cytokines (IL-6, IL-1β, TNF-α) production. 21 While cachexia is characterized by a loss of muscle and adipose tissue, the wasting of these tissues can be regulated by different pathways. In cachectic C26 colon tumor-bearing mice, ActRIIB antagonism dramatically prolonged survival by preventing muscle wasting and inducing net muscle growth, without altering fat mass. In this study, only the maintenance of muscle mass correlated with enhanced survival in cancer-bearing mice. 21 It is evident that nutritional and metabolic interventions are essential to improve outcomes for cancer patients. 22 The "parallel pathway" was recently described as a preventive and therapeutic management strategy for cancer cachexia. 22 This multiprofessional and multimodal approach would ensure an early appropriate and continuous nutritional and metabolic support to cancer patients. It would involve an oncologic management path in parallel with a nutritional and metabolic one. Oncologic management would include disease staging, elaboration of a therapeutic plan, first-line therapy, follow-up, periodical reevaluations, and second-line treatment if necessary. 22 Nutritional and metabolic management would include nutritional screening and assessment, elaboration of a nutritional plan with a first-level nutritional intervention, and then follow-up and periodical reevaluations that could lead to a higher level of nutritional and metabolic strategies. Nutritional support can reduce the number of complications and shorten the recovery phase, it can ameliorate the rate of infections with a better control of cancerrelated symptoms such as fatigue and improve tolerance to anticancer treatments. 22 
IMAGING CACHEXIA
Current state-of-the-art molecular and functional imaging can be applied to noninvasively characterize tumors that induce cachexia, to develop noninvasive biomarkers to identify tumors likely to induce cachexia, and to identify changes in normal tissues that are typical of the induction of cachexia. This ability to detect the onset or presence of cachexia noninvasively could be expanded to include detecting response to treatment and to the development of new therapies.
Most clinical imaging studies describe muscle mass assessment, using techniques such as cross-sectional imaging (computed tomography [CT] or magnetic resonance imaging) and dual energy x-ray imaging. 1 Computed tomography imaging provides an accurate assessment of muscle mass and body composition in patients with cancer and can potentially predict prognosis and possibly chemotherapy toxicity. [23] [24] [25] Lumbar CT images, for example, can be used to measure total skeletal muscle crosssectional area and to estimate total body fat-free mass. 26 Imaging can be useful, especially in the case of "hidden cachexia," when muscle and fat loss can be masked by weight gain due to ascites or peripheral edema, or in the case of sarcopenic obesity (obesity with depleted muscle mass). 6, 26 In addition to skeletal muscle and adipose tissue, organ size can be quantified with CT as shown in a study performed on patients during colorectal cancer cachexia progression. 27 A viscerally driven cachexia syndrome, with loss of muscle mass and adipose tissue, was associated with an increase in liver and spleen size. 27 Computed tomography imaging has also been applied to assess antitumor treatment effects on muscle mass. Treatment of a metastatic renal cell cancer with sorafenib, a multikinase inhibitor with antiangiogenic properties, was shown to exacerbate muscle loss in patients (Fig. 2) . 28 Another study explored the impact of insulin-like growth factor receptor 1 inhibition on muscle mass. Insulin-like growth factor 1 not only plays a role in the growth of multiple tumor types, including pancreatic cancer, but also serves as a growth factor for muscle; the impact of IGF-1 therapeutic targeting on muscle mass was unknown. The study showed that patients treated with anti-IGF-1 therapy (MK-0646) did not lose significantly more muscle than did the non-MK-treated patients, although there was a trend in this direction. 29 Computed tomography is not the only imaging technique that can be used to study cachexia in the clinical setting. Magnetic resonance imaging can also be applied to measure muscle crosssectional area and volume and can specifically distinguish between different tissue types, such as muscle and subcutaneous fat. 30 Fatty infiltration within muscle can also be quantified. Using magnetic resonance imaging, it was shown that muscles of patients with cachexia were not only smaller but also less homogeneous than muscles from control subjects. 30 Multimodal magnetic resonance techniques can be performed to assess skeletal muscle morphology, metabolism, and microcirculation and evaluate the effect of cachexia on these parameters. 31 While morphologic parameters, body mass index, cross-sectional area, and total fiber size were described as lower in patients with cachexia compared with healthy volunteers, microcirculation and muscular energy metabolites, pH, and trimethyl-ammonium-containing compounds were comparable in both groups. 31 Magnetic resonance imaging was used to assess the size of the quadriceps in a phase I/II trial that tested the safety, tolerability, and efficacy of a novel combination of an anabolic β2-agonist and an appetite stimulant in patients with cancer cachexia. 32 Hand-grip strength, lower-limb extensor power, physical activity, and quality of life were the other criteria used in the study to assess the efficacy of the treatment. Muscle mass and/or function were improved in most patients completing the course, and further investigation in larger, randomized trials is necessary to confirm those preliminary results. 32 Imaging can be used in preclinical studies to better understand the cachectic syndrome and to identify metabolic signatures indicative of a cachexia-inducing tumor that could be used as biomarkers before the occurrence of weight loss. In 1 H magnetic resonance spectroscopic imaging (MRSI) of a murine colon adenocarcinoma (MAC) model, cachectic MAC16 tumors were characterized by increased total choline compared with noncachectic MAC13 tumors. 33 Lactate + lipids maps showed that although the lactate + lipids content was not different between MAC13 and MAC16 tumors, the peripheral signal, most likely originating from subcutaneous lipids, was lower around the MAC16 tumor. Magnetic resonance imaging studies were complemented by (18)F-fluoro-2-deoxyglucose ( 18 FDG) positron emission tomography (PET) analysis that revealed an increased uptake of 18 FDG in the cachectic tumors compared with noncachectic MAC13 tumors (Fig. 3) . 33 These metabolic patterns may represent new noninvasive biomarkers and targets in the detection, management, and treatment of cachexia. Imaging of normal tissues can also provide indices of cachexia. As shown in Figure 4 , representative T 1 -weighted images of MAC13 and MAC16 tumor-bearing mice and representative lactate + lipids maps obtained from the same cross-sectional slice demonstrated profound depletion of the signal in normal tissue in MAC16 (cachectic) tumor-bearing mice compared with MAC13 (noncachectic) tumor-bearing mice. 33 It is essential to diagnose patients at the precachexia stage, because once the syndrome is well established treatment is much more difficult, and advanced cachexia is refractory to treatment. Experimental studies have demonstrated the early occurrence of browning of WAT in the cachectic syndrome. Human studies have demonstrated that 18 FDG uptake in BAT is directly proportional to the expression of UCP1 and that 18 FDG imaging could be used as a surrogate marker to noninvasively measure BAT activity in vivo. 10 While in a postmortem study there was a high prevalence of BAT in cachectic cancer patients compared with age-matched noncancer subjects, 34 this correlation has not been found so far in clinical studies. 10 Applying
18
FDG PET imaging could be useful in cachexia diagnosis and merits further investigation. 10 
CONCLUSIONS
Despite a significant increase in research on cancer cachexia, limited therapeutic options are available, and the underlying mechanisms are still poorly defined. Recent preclinical studies have revealed novel therapeutic targets, but these have to be investigated in human applications. Current state-of-the-art multimodality molecular and functional imaging approaches are ideally suited to better understand the cachectic syndrome and the effect of these novel targets. Better treatments of cachexia are urgently required and would have a significant impact on improving the quality of life for patients and on increasing their life expectancy. New potential targets, such as ActRIIB and PTHrP, have shown promising results in preclinical studies and need to be further explored in preclinical and clinical settings. Inhibition of WAT browning represents a promising target in cancer cachexia, and the availability of BAT imaging agents could help in the early diagnosis and in the assessment of treatment efficacy. Despite new promising discoveries, cancer cachexia is still a major cause of morbidity and mortality, and better early diagnostic tools and better treatment options are critical to minimizing the impact of this complex syndrome.
